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Abstract: Fiber-reinforced cementitious composites (FRCC) are a class of materials made by adding
randomly distributed fibers to a cementitious matrix, providing better material toughness through
the crack bridging behavior of the fibers. One of the primary concerns with FRCCs is the behavior of
the fiber when a crack is formed. The fibers provide a stress-bridging mechanism, which is largely
determined by the bond that exists between the concrete and the fiber’s outer surface. While many
studies have determined the properties of FRCCs and potential benefits of using specific fiber types,
the effects of low temperature or cold plasma treatment of polymer fibers on the mechanical behavior
of the composite material are limited. Polymer fibers are notable for their low density, ductility,
ease of manufacture, and cost-effectiveness. Despite these advantages, the surface properties of
polymers do not enable the bonding potential given by steel or glass fibers when used in untreated
FRCC, resulting in pull-out failures before the full displacement capacity of the fiber is utilized.
For this reason, modification of the surface characteristics of polymer fibers can aid in higher
bonding potential. Plasma treatment is a process wherein surfaces are modified through the kinetics
of electrically charged and reactive species in a gaseous discharge environment. This paper is a
preliminary study on the use of atmospheric pressure plasma generated at approximately room
temperature. This atmospheric, cold plasma treatment is a method for improving the mechanical
properties of FRCC using polymeric fibers. In this study, polypropylene and polyvinyl-alcohol fibers
were cold plasma treated for 0, 30, 60, and 120 s before being used in cementitious mortar mixtures.
Compression and flexure tests were performed using a displacement-based loading protocol to
examine the impact of plasma treatment time on the corresponding mechanical performance of the
fiber-reinforced cementitious composite. The experimental results obtained from this study indicate
that there is a positive correlation between fiber treatment time and post-peak load-carrying capacity,
especially for specimens subjected to flexural loading.

Keywords: polymer fibers; cold plasma treatment; concrete; fiber-reinforced concrete; mortar;
plasma treatment

1. Introduction

Additions of fibers to concrete systems have long been known to improve concrete
durability, increase ductility, and improve overall cracking resistance of concrete [1–3]. Sev-
eral types of fibers exist that can improve concrete performance, including steel, polymeric,
and glass fibers. While steel fibers tend to offer the best performance in terms of mechanical
properties improvement, polymeric fibers can also increase performance at a significantly
lower cost [4]. Therefore, finding ways to improve the performance of concrete made with
polymeric fibers, without significantly increasing cost, may provide significant economic
benefits as well as performance improvements.
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1.1. Fiber-Reinforced Concrete Composites

Fiber-reinforced concrete composites (FRCCs), which refer to concrete mixtures con-
taining randomly dispersed fibers within a concrete matrix, have been researched and
developed over the past 50 years. Due to the low tensile strength characteristics of conven-
tional concrete, the inclusion of fibers with a high tensile strength enhances the ductility
and cracking characteristics of the composite. These enhancements are achieved by re-
straining crack openings when mechanical loading or environment cause stresses that
exceed the cracking stress of the cementitious materials. Fibers engage with the concrete
matrix once it is cracked by arresting crack propagation, thereby greatly improving the
strength and ductility of the concrete [5]. The inclusion of fibers can also mitigate damage
resulting from shrinkage effects [6]. FRCC also offers the benefit of improved durability to
deterioration mechanisms such as carbonation [7]. The use of synthetic fibers manufactured
from naturally occurring macromolecules and synthetic polymers as reinforcement for
cementitious materials has been adopted as an alternative to steel and glass fibers due to
their effectiveness and relatively low cost [8].

1.2. Polymer Fibers

Polymer fibers offer advantages over glass, steel, and other fiber types due to their low
density, flexibility, ease of production, and relatively low cost [9]. Due to the nature of their
long-chain chemical structure, their surface properties can make their bonding potential in
a concrete matrix incompatible with engineered concrete systems [9–11], especially when
compared to more expensive steel fibers. For this reason, polymer fiber surfaces are often
tailored to allow them to perform better with a composite fiber-reinforced concrete system.
Two of the most common fiber types are polypropylene (PP) fibers and polyvinyl alcohol
(PV) fibers. These two fiber types impart different mechanical and durability characteristics
to a concrete matrix. PP fibers are effective in controlling general cracking due to various
types of shrinkage, whereas PV fibers are more effective in structural applications where a
high fiber modulus is required [4].

Concrete reinforced with PP fibers at conservative volume fractions (1–2% by volume)
has demonstrated increases in flexural and impact strengths, respectively, of up to 21% and
17% compared to unreinforced concrete [6,12,13]. Naaman et al. researched PP fibers in
concrete and demonstrated that PP fiber concrete specimens compared very well to steel
fiber-reinforced concrete in terms of impact resistance, which is measured in the number of
blows required to create cracking [14]. Many researchers have noticed only small changes
in compressive strength at fiber volume fractions of 0.1–0.5% [6,15–17]. PP fibers have also
been effective at controlling plastic shrinkage cracking in concrete through reductions in
total crack area, maximum crack width, and the total number of cracks [18–20]. It has been
demonstrated that smaller fiber volume fractions ranging from 0.1 to 0.3% are effective in
reducing plastic shrinkage cracking [18].

PV fibers have shown effectiveness in enhancing the ductility and toughness of con-
crete as well as preventing sudden brittle failure [21]. It has been observed that the compres-
sive strength of concrete can be improved depending on fiber geometry and content [22].
PV fibers exhibit a higher strength and elastic modulus than that of PP fibers [11]. The
high ductility and toughness exhibited by PV fibers make them adequate for use in high-
performance composites such as Engineered Cementitious Composites (ECC) [11]. PV-ECC
offers many of the strength and performance advantages of steel fibers, but typically at
a much lower cost when compared to the use of steel or PE fibers [11,23–25]. PV fibers
exhibit a high interfacial chemical bond, frictional stress, and slip-hardening characteristics
in a cementitious matrix [24]. The high chemical bonding of PV fibers in a cement matrix
is due to the presence of hydroxyl groups found in their molecular chains [23]. Since PV
fibers are hydrophilic, the affinity of the hydroxyl groups to the water in the surrounding
cement hydrates creates a strong and continuous bond around the fiber [26]. The bonding
capability of untreated PV fibers is such that interface tailoring is required to make PV fibers
feasible for applications where high ductility is desired [11,23,24,27]. Interface tailoring
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can be achieved through methods such as oiling and fly ash addition [11,26,27]. Interface
tailoring of fibers serves to alter the hydrophilicity or hydrophobicity of the fiber, therefore
changing the fibers bond to the cement matrix as hydrates form after the addition of mixing
water [11,23,24].

While the addition of different types of fibers can result in improved mechanical
performance and durability characteristics, the surface characteristics of the fibers can
limit these improvements. For this reason, different surface treatment measures have been
explored to maximize the benefits of fiber inclusion, depending on fiber type [23,28–30]. A
study on cement paste specimens reinforced with carbon fibers treated by silane, dichro-
mate, or ozone demonstrated that these three different treatment methods all improved the
tensile strength, modulus, and ductility of the specimens [30]. The effectiveness of treating
carbon fibers with silane was attributed to the hydrophilicity imparted by silane [30].
Another study on the effectiveness of ozone treatment of carbon fibers also found that the
surface modification imparted by ozone treatment improved the bond of the fibers to the
cement matrix due to improved wettability of the fibers [29]. Some fibers require treatment
to inhibit their bonding potential, rather than enhance it. PV fibers, for example, tend to
rupture instead of pulling out due to high chemical bond to the cement matrix, eliminating
the ductility benefits of fiber inclusion [11,23]. Fiber oiling has been shown to improve
the tensile strain capacity by inhibiting the hydrophilicity of the fiber surface [23]. While
many different surface improvement and modification techniques have been attempted
with fibers, the authors are not aware of any studies, to date, that look at how cold plasma
treatment of polymeric fibers used in FRCC systems may impact performance compared to
standard polymeric fibers.

1.3. Plasma Treatment of Polymers

This study explores the use of cold plasma treatment on PP and PV fibers. A plasma
exhibits various interaction mechanisms with surfaces based on the strength of the plasma
generating and sustaining electric field applied, the active charged plasma species such as
electrons and ions, the created reactive atoms and molecules such as reactive oxygen and
nitrogen (RONs) species, emission photons such as ultraviolet light, and the time span at
which the surface is subjected to the plasma. Polymer surfaces exposed to extreme plasma
conditions will continuously degrade due to the combined effects of chemical and physical
etching [9]. Cold plasma surface treatment has been shown to modify the adhesion and
wettability of metallic and polymeric materials, while minimizing negative impacts on the
bulk properties that can result from high temperatures [31,32]. Additionally, the use of cold
plasma in the activation of polymer aids in increasing mechanical strength by increasing
the bonding potential of the fibers to the surrounding matrix [31]. The effects of plasma
treatment on a polymer are determined by variables such as gas composition, plasma
conditions, ions, electrons, fast neutrals, radicals and VUV radiation, which contribute to
etching, chemical activation and/or cross-linking [9]. The full extent to which cold plasma
impacts different types of polymers is not well understood, though it is known that cold
plasma can impact, in particular, how water behaves on the surface of the polymer.

A study on the surface modification of polyethylene terephthalate fibers (PET) induced
by the action of radio frequency (RF) low pressure (0.2 bar) plasma treatment in some stan-
dard gases of either helium (He), argon (Ar), or molecular nitrogen (N2) showed an increase
in hydrophilicity, accompanied by discernable etching and the implantation of oxygen and
nitrogen-containing polar groups as a function of treatment [10]. Hydrophilicity refers to
the affinity a surface has to water. Figure 1 shows the difference between a hydrophobic
and a hydrophilic fiber. Hydrophilic fibers can adsorb mixing water and potentially allow
cement hydrates to create a better bond with the fiber, causing less ductile behavior if
bond-slip is not permitted before fiber failure. Hydrophobic fibers will not adsorb water
and will interact mainly by means of mechanical bonding rather than chemical bonding.
Polymer surface modification can impact the bonding mechanisms of fibers by altering the
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wettability characteristics [32]. Not only can this have an effect on local w/cm, but it can
also change the interaction of hydration products with the fiber surface.

Figure 1. Water droplet adhesion on hydrophobic (a) and hydrophilic (b) fiber.

In the present work, the effects of an atmospheric air cold plasma treatment on
two polymer fiber types are investigated. This study aims to examine the differences
in mechanical behavior in fibers treated with different lengths of cold plasma treatment
times. The primary goal is to examine the effects of plasma treatment on the post-peak
load-carrying capacity of PP and PV fiber-reinforced mortar specimens in compression and
flexure. As described, PV and PP fibers are generally effective in different applications:
PP fibers are generally effective in shrinkage crack restraint, while PV fibers are effective
where superior mechanical strength is desired. This study aims to assess both polymer
fiber types using the same cold plasma treatment and testing scheme by studying not just
the peak stress, but also the post-peak capacity of the system. The post-peak capacity of a
mortar specimen reinforced only with fibers is related to the bond of the fiber to the matrix,
so these mechanical strength tests will provide insight into how both types of fibers behave
in both untreated and treated forms. Both fiber types experienced the same treatment
regimens, from 0 to 120 s of treatment in 30 s increments. This work provides a preliminary
understanding on the viability and usefulness of cold plasma treatment of PP and PV
fibers. The novelty of the presented work is evident by the paucity of existing literature
describing (1) the impact of cold plasma treatment on polymeric fibers and (2) how cold
plasma treated polymeric fibers impact properties of FRCC systems. While several different
fiber treatment regimes have been studied, cold plasma treatment is a novel method for
modifying polymer fibers. Studying this is important because cold plasma treatment is
a low cost, easily scalable process that can be implemented during the manufacture of
polymeric fibers.

2. Materials and Methods
2.1. Fibers and Plasma Treatment of Fibers

In this investigation, the surfaces of the fibers were treated with a non-equilibrium
atmospheric pressure, low temperature (cold) plasma jet as demonstrated in Figure 2.
The cold plasma was created using UHP helium (He) feed gas to initiate and sustain in
standard pressure and temperature (STP) air [33]. The He input flow was at a rate of
5.00 standard liters per minute (SLPM). As shown schematically in Figure 2a, the applied
oscillating electric field was generated with a specialized high voltage (HV) alternating
current (AC) power supply set at the voltage of 10.8 kVpk-pk at a frequency of 27.4 kHz,
continuously measured with an oscilloscope. The total effective average input electrical
power ranged from 15 to 20 Watts. As seen in Figure 2b, the plasma jet effluent extended
out approximately 8 cm allowing for direct interfacing of the cold plasma with the polymer
fibers. Similar cold plasma jets to the one used in this investigation have been used to treat
various materials ranging from organic material surfaces such as bacteria to botanicals as
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well as inorganic material surfaces [34–36]. These sorts of cold plasmas over the last decade
have demonstrated a wide versatility for technological applications leading to various new
plasma-enabled products and plasma-assisted technologies [37–40]. This work contributes
to this growing body of knowledge by investigating a potential new plasma-enhanced
material of polymer fibers used in fiber-reinforced cementitious composites.

Figure 2. (a) Schematic of the experimental setup used to generate and monitor the continuous operation of the cold plasma
jet in atmospheric air. (b) Measurement picture of side-by-side comparison of a centimeter (cm) ruler to the cold plasma jet
effluent used to treat the polymer fibers.

Two fiber types were used in this study: PP and PV. The PP and PV fibers measured
2.5 and 1 cm in length, respectively. Both fiber types were plasma treated at different time
intervals. The fibers were placed on a 22.5 cm diameter cardboard disk in a single layer.
The disk was then moved around in a random fashion under the action of a stationary
atmospheric air room temperature cold plasma jet for a measured time interval. Fibers
were held approximately 5 cm from the plasma jet effluent during treatment. The treatment
process is shown in Figure 3. Fibers were subjected to the cold plasma jet treatment for 4
different time intervals: 0 s, 30 s, 60 s, and 120 s.
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Figure 3. Cold plasma treatment process.

2.2. Cement Materials

A type I/II Portland cement, as defined by ASTM C 150/C150M [41], was used for the
prisms and cubes cast in this study. An oxide analysis of the cement is presented in Table 1.

Table 1. Cement oxide analysis.

Oxide Weight (%)

Na2O 0.21
MgO 2.75
Al2O3 3.73
SiO2 20.50
P2O5 0.22
SO3 2.90
Cl 0.05

K2O 0.77
CaO 62.43
TiO2 0.19

Cr2O3 0.06
MnO 0.23
Fe2O3 3.34
CuO *
ZnO 0.14
SrO 0.22

ZrO2 *
LOI * *
Total 100.00

* Oxide amount was below detection limits.

2.3. Aggregates

A granitic sand was used as the aggregate in mortar prisms and cubes cast in this study.
The sand used in the present study was sourced from New Jersey, USA. The aggregate
had a relative density of 2.62 and an absorption capacity of 0.57, when tested according to
ASTM C128 [42], and its gradation complied with requirements of ASTM C33 [43].

2.4. Mixture Design and Casting

Mixtures were cast using a water to cement ratio (w/cm) of 0.45 to ensure adequate
workability with fiber addition. Both PP and PV mixtures used the same w/cm to ensure
comparable results. The ratio of cement to fine aggregate ratio was chosen to be 1:2.75 by
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mass following guidance making and testing mortar specimens in ASTM C109 [44]. The
mixture designations used in this study are described in Table 2, along with the type and
amount of fiber used, cold plasma treatment time, and w/cm.

Mortar was mixed in a countertop planetary mixer fitted with a 5 L bowl following
the procedure outlined in ASTM C305 [45]. A modification of the standard was made
to ensure a homogenous distribution of fibers in the mix. The fibers were introduced in
small portions during the 30 s mixing period prescribed by the standard, followed by an
additional 30 s of mixing to ensure dispersion of the fibers in the mix.

After mixing, mortar cubes measuring 50 × 50 × 50 mm were cast for compression in
stainless steel molds, which was carried out in accordance with ASTM C109 [44]. Prisms
measuring 40 × 40 × 160 mm were cast in wood molds lined with plastic to create spec-
imens for flexure testing, which was carried out in accordance with ASTM C348 [46].
Prisms and cubes were removed from their molds 24 h after curing and were placed into
a saturated lime solution. Prisms and cubes were cured for 35 days in a saturated lime
solution at 23 ± 4 ◦C prior to testing.

Table 2. Mixture Design.

Mix Reference Fiber Type Fiber Volume (%) Treatment Time (s) w/cm

Control None None N/A 0.45

PP0 Polyproylene 2 0 0.45

PP30 Polyproylene 2 30 0.45

PP60 Polyproylene 2 60 0.45

PP120 Polyproylene 2 120 0.45

PV0 Polyvinyl Alcohol 2 0 0.45

PV30 Polyvinyl Alcohol 2 30 0.45

PV60 Polyvinyl Alcohol 2 60 0.45

PV120 Polyvinyl Alcohol 2 120 0.45

2.5. Mechanical Testing

In this study, compression and flexure tests were performed on fiber-reinforced mortar
specimens using the same testing machine. Cubes were tested in compression, while
prisms were tested in 3-point flexure. An Instron 5980 Universal Testing System outfitted
with a 100 kN load cell was used to test all specimens giving outputs of load response as
well as stress, according to the geometry input of the specimens. All testing was performed
using displacement-based loading protocols, which are described in greater detail in the
following sections. Failure conditions were specified in the data acquisition software
based on dummy specimen testing, which showed no appreciable load-carrying capacity
changes beyond 2 and 3 mm of crosshead displacement for compressive and flexural tests,
respectively.

2.5.1. Relevant Equations and Testing Parameters

In order to ensure the repeatability of the present study, ASTM standards for compres-
sion and flexure were followed as part of the testing scheme [44,46]. The post-peak load
response was analyzed at the same displacements across the test matrix in order to capture
the effects of varied fiber treatment times on the load response of the specimens.
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ASTM C109 prescribes the procedures for testing mortar cubes in compression [44].
The test method provides a limit on the loading rate of 900–1800 N/s. The displacement
rate prescribed resulted in a load rate well below this limit. According to ASTM C109,
mortar cubes undergoing compression undergo stress according to the formula:

f m = P/A

where:

fm = compressive strength in psi or [MPa];
P = total maximum load;
A = cross sectional area.

ASTM C348 prescribes the procedures for testing prisms in flexure. According to this
standard, prisms undergoing flexure in three-point bending undergo stress according to
the Euler–Bernoulli beam bending formulation given by:

σ = My/I

where:

M = applied moment in N-m;
y = perpendicular distance to the neutral axis;
I = moment of inertia of cross section about neutral axis.

Since,

M = Pl/4;
y = d/2;
I = bd3/12.

It follows that the stress in a nonreinforced rectangular mortar section undergoes
stress according to:

σ =
Pl
4

∗ d
2
∗ 12

bd3 =
3Pl
2bd2

ASTM C348 gives a simplified formula based on the prescribed geometry of the
specimens (40 × 40 × 160 mm) used in the test in MPa.

S f = 0.0028P

where:

Sf = flexural strength, MPa;
P = total maximum load, N.

The displacement rate prescribed in all tests resulted in a loading rate that was well
below the 2640 ± 110 N/min limit given in the standard.

2.5.2. Compressive Specimens

Compressive strength testing was carried out according to ASTM C109 [44] using a
displacement-based loading protocol. For the mortar cubes without fiber reinforcement, a
displacement rate of 0.25 mm/min was applied until failure, when the capacity dropped
to 25% of the peak load capacity. For the fiber-reinforced specimens, a displacement rate
of 0.25 mm/min was applied up until post-peak displacement, when the load response
dropped to 40% of the established peak load. Once the load response dropped to 40% of
the peak load, an increased displacement rate of 0.75 mm/min was applied until failure,
which was determined as when the residual load capacity was approximately 10% of the
peak load and continually decreasing.
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2.5.3. Flexural Specimens

Flexural strength testing was carried out according to ASTM C348 [46] using a
displacement-controlled protocol in 3-point flexure. The span between the bottom roller
supports was 120 mm. The point load in the middle was kept perpendicular to the prism
by allowing free rotation of the roller. The distance between each support and the point
load was measured on each side using a digital caliper to ensure that the point load was
acting at the midpoint of the clear span. A schematic and image of the loading scheme is
shown in Figure 4. For the prisms without fiber reinforcement, a constant displacement
rate of 0.125 mm/min was applied until failure. For all fiber-reinforced mortar specimens,
a load rate of 0.125 mm/min was applied up until post-peak, when the load response was
40% of the established peak load. Once the load response dropped to 40% of the peak
load, an increased displacement rate of 0.4 mm/min was applied until failure. Failure was
defined as the point where the specimen was visibly split and any additional capacity was
from residual fiber bonding to the mortar matrix.

Figure 4. Loading Schematic for Flexural Specimens.

3. Results
3.1. Compression Response of Specimens

The compression testing results are presented in Figure 5 as stress vs. crosshead
displacement. Due to the nature of the force–displacement curves generated in this study,
representative force–displacement curves from the dataset were selected to aid in im-
proving comparison of results. Six specimens were produced from each mixture type; a
representative curve from each mixture type was chosen for presentation in Figure 5. Force–
displacement curves for all specimens are presented in the Appendix A. Figure 5a shows
the results for all PP specimens, while Figure 5b shows the results for all PV specimens.
Both PP and PV fiber specimens were plotted with the control shown (no fiber addition).
The effects of fiber treatment times can be observed by comparing stress response at the
same levels of displacement. Figure 5c,d show a comparison between PP and PV specimens
with the same treatment times. This enables a visual comparison between the load response
of PP and PV fiber specimens as well as a comparison of the loading curves between two
different treatment times.
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Figure 5. Force–displacement curves for PP and PV fiber specimens with different fiber treatment times tested in compression
(a,b) and comparison between PP and PV s with different fiber treatment times tested in compression (c,d).

When analyzing the results obtained from this experiment, it was noted that none
of the fiber-reinforced compressive specimens reached the peak load obtained from the
non-fiber-reinforced (control) specimens. This effect is observed because the addition of
fibers, while improving the energy absorption capacity and imparting post-peak strength,
introduces voids into the concrete matrix that decrease the peak load capacity. The PV
fiber specimens exhibited a higher post-peak load response compared to that observed
for the PP fiber specimens, which can be seen in Figure 5c,d. Furthermore, while the PP
specimens showed little variability in post-peak load and displacement at peak load, the
PV specimens showed contrasting behavior, especially at lower displacements. Lastly,
post-peak responses for both PP and PVA specimens were higher at 120 s of treatment, for
selected specimens. Lower treatment times did not vary significantly from specimens that
were untreated.

The maximum compressive stress, σmax, for all specimens is presented in Table 3.
This demonstrates that the inclusion of fibers, while adding residual post-peak load-
carrying capacity, decreases the maximum load. This is due to the fact that fibers create
discontinuities in the mortar matrix. While some mixes approached the same peak stress,
the inclusion of fibers decreased σmax in all cases.
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Table 3. Peak compressive strength (σmax).

Mixture Reference σmax (kN)

Control 135.36
PP0 117.54
PP30 111.33
PP60 112.17

PP120 114.90
PV0 121.43

PV30 123.93
PV60 124.44
PV120 117.23

Figure 6 shows the load capacity of all compressive specimens at selected displace-
ments of 1, 1.5, and 2 mm relative to the peak load (Pδ/Pmax). It was observed that, at 1.0
and 1.5 mm of crosshead displacement, the untreated PP fiber specimens had an increased
post-peak load-carrying capacity when compared to the treated fiber specimens. For the
PV specimens, the PV120 exhibited the highest post-peak load-carrying capacity when
compared to the other sets. However, the difference in post-peak behavior becomes less
pronounced at crosshead displacements greater than 1.0 mm, with all systems having simi-
lar Pδ/Pmax. The PV compression tests exhibited variable displacements at the established
peak load, so the post-peak behavior was not subject to the same degree of comparison
as the PP fiber specimen sets. The effects of plasma treatment on compressive specimens
are more difficult to evaluate in terms of load response due to the various stress states
experienced by a fiber within a compressive specimen. Because the failure is not dominated
primarily by the progression of tensile failure as is the case in most flexural specimens,
the effect of plasma treatment is not as pronounced as in flexural specimens discussed
in the next section. Therefore, these preliminary results do not indicate that cold plasma
treatment of fibers will provide a benefit to the compression performance of fiber-reinforced
composites.

Figure 6. Ratio of force at various displacements vs. peak force.
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3.2. Flexural Response of Specimens

The flexural results are reported as force vs. displacement in Figure 7. Due to the
nature of the force–displacement curves generated in this study, representative f–d curves
from the dataset were selected to aid in better comparison of results. Six specimens were
produced from each mixture type; a representative curve from each mixture type was
chosen for presentation in Figure 7. Force–displacement curves for all specimens can
be seen in the Appendix A. Figure 7a,c show the flexural force–displacement behavior
of all PP and PV fiber specimens plotted against the control out to the final recorded
displacement of 3 mm. While some tests were performed to greater displacements, the
results were tapered to capture the effects of treatment across the test matrix. Figure 7b,d
show load–displacement curves to a displacement of 0.4 mm to provide a better visual
distinction between the initial loading curves. The PV fiber specimens exhibited a higher
overall post-peak load capacity compared to the PP fiber specimens across the test matrix.
The results indicate that at displacements of 0.75 and 1.0 mm, PP fibers exhibited increased
residual load capacity as a function of treatment time, with the untreated specimens having
higher load responses. This observed effect could have resulted from less pull-out due
to improved adhesion to the mortar matrix when subjected to cold plasma treatment.
Following the results of a study on plasma treatment of polypropylene surfaces, the action
of a cold plasma can alter the adhesion and wettability properties based on the interactions
between input voltage, treatment time, and flowrate [29]. Each increase in treatment time
was associated with a higher residual load capacity at the analyzed displacements of 0.75
and 1.0 mm, for PP specimens. At greater displacements, the differences in the results
were not notably different, and the variability between post-peak displacements was small,
indicating that regardless of treatment, higher post-peak displacements are consistent.

Figure 7. Force–displacement plots for PP (a,b) and PV fiber specimens (c,d) with different fiber treatment times tested in
flexure.
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The treated PV fiber specimens all exhibited a marked increase in residual load
capacity when compared against the load response for the untreated specimens. In the case
of the PV fibers, the PV30 and PV60 show the highest increases in residual load response,
with a decreased residual capacity occurring for the PV120 specimen. The results indicate
that both PP and PV fibers respond in some way to treatment, exhibiting differences in
residual load-carrying capacity.

Figure 8a,b show the results from both fiber types to provide a visual distinction
between the mechanical response of the PP and PV fibers. Due to the nature of the force–
displacement curves generated in this study, representative force–displacement curves
from the dataset were selected to aid in better comparison of results. Six specimens were
produced from each mixture type; a representative curve from each mixture type was
chosen for presentation in Figure 8. Force–displacement curves for all specimens can be
seen in Appendix A. Two treatment times are shown in each graph, providing a visual
comparison of load response between two treatment times. The results clearly indicate that
PV specimens are superior to PP specimens in adding strength. The PP fiber specimens do
not exhibit a pronounced reloading curve like the PV specimens, but rather, maintain a
steadily decreasing residual load branch after dropping to roughly one-third of the peak
load capacity.

Figure 8. Force–displacement plots comparing flexural PP and PV fiber specimens at 0 and 30 s (a) and 60 and 120 s
(seconds) (b).

Figure 9 shows a summary of results for the residual load capacity (N) at the selected
displacements of 0.75, 1.5 and 2.5 mm. This bar graph shows data for all flexure specimens
examined and provides visual distinction between the residual load capacities of each
specimen. A positive relationship between treatment and load response can be clearly seen
in the PP specimens for treatment times of 0.75 and 1.5 mm of crosshead displacement. At
each increase in treatment time, the load response at 0.75 and 1.5 mm increases. As the
crosshead displacement reaches higher values, the relationship is less distinguished for
PP specimens. For the PV specimens, at 0.75 and 1.5 mm of crosshead displacement, all
specimens exhibited an increase in post-peak load capacity when compared to untreated
fibers. At greater displacements, the differences in the results were not as significant.
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Figure 9. Residual load capacity at various displacements for flexural fiber specimens.

These results indicate that the post-peak behavior under flexural loading of fibers
can be improved through the use of cold-plasma treatment of fibers. Initial results show
that this impact may be more pronounced for PV fibers compared to PP fibers. It is
recommended that future work study the performance of cold plasma-treated PP fibers in
shrinkage applications to understand if there is a more significant impact in that type of
damage condition. Despite this, some performance enhancement of post-peak behavior
was observed with treated fibers.

Based off of what is currently understood about how plasma treatment affects fibers,
the impact of the treatment on the performance of the fibers was most likely due to a
change in the hydrophilicity of the surface of the fiber. Treatment may have created a
better bond structure around the fiber providing better post-peak performance under
flexural loading. It was not in the scope of the current study to examine these changes,
however. Future work is recommended, based off of these preliminary results, to study the
mechanism through which cold plasma-treated fibers enhance performance. This should be
carried out through a study of the surface properties of the fibers before and after various
treatment lengths. Additional studies on the local microstructure around the fibers in
cementitious composite systems will show the impact that the treatment may have had on
microstructural development of the cement matrix around the fibers.

3.3. Influence of Treatment Time on Variability in Strength

Figure 10 shows scatter plots of Pδ/Pmax vs. treatment time for each specimen type.
The standard deviation of Pδ/Pmax values at various displacement increments, σ Pδ

Pmax
is

presented for all specimens considered in the dataset. Loading curves were considered
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outliers by means of graphical data selection if the loading curves exhibited poor specimen
seating or non-uniformity with the rest of the data.

Two observations can be seen when examining the results shown in Figure 10. First,
variability in Pδ/Pmax was high at low displacement levels, regardless of treatment time.
This can be seen through the high amount of scatter of the blue circles in Figure 10.
Variability was high at these low displacements because the strength at these displacements
was more highly controlled by the matrix strength rather than the fiber’s contribution to
the flexural response.

Figure 10. Scatter plots showing Treatment Time vs. Pδ/Pmax.

As displacement increased, the variability of Pδ/Pmax decreased, regardless of treat-

ment time. The decrease in standard deviation of Pδ/Pmax

(
σ Pδ

Pmax

)
at higher displace-

ments was likely due to fibers taking on more stress during the softening branch of the
loading curves for both compression and flexure. As the fibers engage with the mortar
matrix, the capacities of mortar specimens at increasing displacements are controlled by
the tensile properties of the fibers, as well as the pull-out characteristics of the fibers when
the surrounding matrix cracks. Assuming a homogeneous fiber mix was achieved, the vari-
ability of the load response post-peak was more consistent than in early stages of cracking,
which is confirmed by the decreasing standard deviation with increasing displacement
measurements.
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4. Discussion

Based on the load–displacement behavior of the test matrix, it is evident that the
crack-bridging action of the fibers contained in the mortar matrix changes as a function
of treatment time. Further study is needed to assess the statistical significance of fiber
treatment times on load displacement response. This results from higher bonding potential
imparted by cold plasma treatment. Short plasma treatment times of polymers have been
observed to modify surface properties and cause mainly outer chain scissions, while longer
times or more intense treatment can result in inner chain scissions [6]. A scission is a
break in an otherwise long-chain molecule. Due to the relatively low intensity of plasma
treatment used in this study, it is only considered that surface effects imparted by treatment
change the mechanical response of the specimen set. The results from this study were
consolidated in order to provide analysis on specimens that exhibited the average response
overall.

Polypropylene and Polyvinyl Alcohol Fibers both enhanced the mechanical behavior
of mortar specimens when compared to unreinforced specimens. Due to the relatively high
fiber volume content, the peak load for all fiber types was observed to be lower than that of
the unreinforced specimens due to the defects introduced by fiber addition. For the flexural
tests, both fiber types exhibited post-peak strain-hardening behavior, with the PV fibers
having a much more pronounced strain-hardening branch once the fibers were engaged
when compared to PP fibers. Overall, the observed response of the specimens in this study
suggests that cold plasma treatment positively alters the bonding potential and interaction
between the fiber surface and the mortar as a function of treatment time. Further study is
needed to assess the specific bonding mechanisms that result from treatment, and whether
or not treatment permanently alters the bonding potential of polymer fibers.

5. Conclusions

Compressive PP specimens and PV specimens did not exhibit a strong relationship
between treatment time and post-peak capacity; however, it was observed that the longest
treatment time was associated with a higher residual load capacity during strain softening.
Compressive PV specimens exhibited higher peak strength as well as superior post-peak
response on the strain-softening branch of the load–displacement curve. Flexural PP
specimens exhibited a strong correlation between treatment time and post-peak load
capacity, exhibiting mild post-peak strain-hardening behavior. Flexural PV specimens
showed a mild correlation between fiber treatment time and post-peak load capacity,
exhibiting a strong post-peak strain-hardening branch. Overall, cold plasma treatment
imparts some change in polymer fibers, possibly resulting from etched surfaces, causing
varying bond potentials within a cementitious system.

Further work is necessary to understand how the cold plasma treatment changed the
polymeric fibers and how that may have impacted the bond of the cementitious matrix
to the polymeric fibers. Future studies should focus on microstructural and chemical
analysis of the polymeric fibers and the microstructure of the concrete around the fibers.
Understanding how cold plasma changes the surface characteristics of the polymer fibers
will support future work on how the treatment process can be improved or modified
to achieve a better product. Additionally, a larger set of testing variables and specimen
numbers to confirm the trends observed in this manuscript are necessary.
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Appendix A. Force-Displacement Plots for All Specimens

Figure A1. Force-displacement curves for all PP specimens tested in compression (a) 0 s of treatment time, (b) 30 s of
treatment time, (c) 60 s of treatment time, and (d) 120 s of treatment time.
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Figure A2. Force-displacement curves for all PV specimens tested in compression at (a) 0 s of treatment time, (b) 30 s of
treatment time, (c) 60 s of treatment time, and (d) 120 s of treatment time.

Figure A3. Cont.
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Figure A3. Force-displacement curves for all PP specimens tested in flexure at (a) 0 s of treatment time, (b) 30 s of treatment
time, (c) 60 s of treatment time, and (d) 120 s of treatment time.

Figure A4. Force-displacement curves for all PV specimens tested in flexure at (a) 0 s of treatment time, (b) 30 s of treatment
time, (c) 60 s of treatment time, and (d) 120 s of treatment time.
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